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Direct Alkylation of Calf Thymus DNA by
Acrylonitrile. Isolation of Cyanoethyl
Adducts of Guanine and Thymine and
Carboxyethyl Adducts of Adenine and
Cytosine
by Jerome J. Solomon* and Alvin Segal*

Reaction of the rodent carcinogen acrylonitrile (AN) at pH 7.0 for 10 and/or 40 days with 2'-deoxy-
adenosine (dAdo), 2'-deoxycytidine (dCyd), 2'-deoxyguanosine (dGuo), 2'-deoxyinosine (dlno), and thy-
midine (dThd) resulted in the formation of cyanoethyl and carboxyethyl adducts. The adducts isolated
were 1-(2-carboxyethyl)-dAdo (1-CE-dAdo), N-CE-dAdo, 3-CE-dCyd, 7-(2-cyanoethyl)-Gua (7-CNE-Gua),
7,9-bis-CNE-Gua, imidazole ring-opened 7,9-bis-CNE-Gua, 1-CNE-dIno, and 3-CNE-dThd. Structures were
assigned on the basis of UV spectra and electron impact (EI), desorption chemical ionization (DCI) and
Californium-252 fission fragment ionization mass spectra. The carboxyethyl adducts resulted from initial
cyanoethylation at a ring nitrogen adjacent to an exocyclic nitrogen followed by rapid hydrolysis of the
nitrile moiety to a carboxylic acid. It was postulated that the facile hydrolysis is the result of an intra-
molecular-catalyzed reaction resulting from the formation of a transient cyclic intermediate between
nitrile carbon and exocyclic nitrogen. AN was reacted with calf thymus DNA (pH 7.0, 37°C, 40 days) and
the relative amounts of adducts isolated was 1-CE-Ade (25.8%), N6-CE-Ade (7.6%), 3-CE-Cyt (1.3%), 7-
CNE-Gua (25.8%), 7,9-bis-CNE-Gua (4.3%), imidazole ring-opened 7,9-bis-CNE-Gua (18.9o) and 3-CNE-
Thy (16.3%). Thus a carcinogen once adducted to a base in DNA was shown to be subsequently modified
resulting in a mixed pattern of cyanoethylated and carboxyethylated AN-DNA adducts. The carboxyethyl
adducts were identical to adducts previously reported by us to be formed following in vitro reaction of the
carcinogen 3-propiolactone and calfthymus DNA. These results demonstrate that AN can directly alkylate
DNA in vitro at a physiological pH and temperature.

Acrylonitrile (AN, CH2= CH-CN) is used industrially
in the manufacture of acrylic resins and fibers (- 1.5
billion pounds in 1980) and OSHA estimates that about
278,000 workers are potentially exposed (1). Animal
bioassays have established the carcinogenicity ofAN in
the rat with exposure via inhalation or in the drinking
water (2-4). In Sprague-Dawley rats, tumors occurred
at a variety of sites with the brain being the main target.
A recent epidemiological study (5) suggested an in-
creased incidence of lung tumors in exposed workers.
AN is a weak direct-acting mutagen with E. coli WP2
(6) but requires activating enzymes with S. typhimu-
rium (7). Because of its structural similarity to vinyl
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chloride, metabolism to an epoxide has been suggested
as a mechanism for its carcinogenic action (8-11). To
date the role of metabolism is unclear, and an attempt
to find the epoxide adducts in DNA has been unsuc-
cessful (12). The objective of this study was to see if
AN could react directly with calf thymus DNA at phys-
iological pH and temperature (via Michael addition across
the double bond) and to characterize the adducts.
Marker compounds were prepared by reacting a sat-

urated solution ofAN (1.4 M) with 2'-deoxynucleosides
in phosphate buffer, pH 7.0, and 37°C for up to 40 days.
Direct cyanoethylation (CNE) was observed with thy-
midine (dThd) to form 3-CNE-dThd. Figure 1 shows
the isobutane desorption chemical ionization (DCI) mass
spectrum of this adduct. The molecular weight of 295
is established by the peak at m/z 296 due to the pro-
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Table 1. Reactions of AN with 2'-deoxynucleosides.

Reactions Time,
(pH 7, 37°C) days Products and yields
AN + dAdo 10 1-CE-dAdo (9%); N6-CE-dAdo

(3%)
40 1-CE-dAdo (15%); N6-CE-dAdo

(36%)
AN + dCyd 10 3-CE-dCyd (5%)

40 3-CE-dCyd (18%)
AN + dGuo 10 7-CNE-Gua (10%); 7,9-bis-CNE-

Gua (<1%); IRO-7,9-bis-CNE-
Gua (6%)

40 7-CNE-Gua (19%); 7,9-bis-CNE-
Gua (7%); IRO-7,9-bis-CNE-
Gua (19%)

AN + dThd 10 3-CNE-dThd (7%)
40 3-CNE-dThd (33%)

the formation of the volatile trimethylsilyl (TMS) de-
rivatives 1-CE-dAdo-(TMS)3 and 3-CE-dCyd-(TMS)3
respectively. This was necessary to prevent thermal
pyrolysis to the lactam and establish conclusively the
carboxyethyl moiety. The yields of the reactions of AN
with 2'-deoxynucleosides are given in Table 1. Com-
pounds 1-CE-dAdo and 3-CE-dCyd have previously been
identified by us as products of the alkylation of calf
thymus DNA by another rodent carcinogen, ,-propi-
olactone (15). Compound N6-CE-dAdo results from
Dimroth rearrangement of 1-CE-dAdo (16).
The carboxyethyl adducts resulted from initial cy-

anoethylation (slow) at a ring nitrogen adjacent to an
exocycic nitrogen followed by facile hydrolysis of the
nitrile moiety to a carboxylic acid. Figure 4 shows a
possible cyclic six-membered intermediate between ni-
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FIGURE 1. DCI mass spectra of cyanoethylated thymidine, 3-CNE-
dThd.

tonated molecular ion, MH. The most intense spectral
peak at m/z 180 results from glycosidic fragmentation
ofMH with hydrogen transfer resulting in base (b) plus
two hydrogens, bH2, typical of nucleoside CI mass spec-
tra (13). This ion further decomposes to lose a molecule
ofAN (molecular weight 53) to form m/z 127 (bH2-AN).
Sugar(S) fragmentation was observed at the expected
masses of m/z 117 (S), 99 (S-H20) and 81 (S-2H20).
Details ofthe mass spectra presented in this report have
previously been published (14) as well as spectroscopic
and chromatographic properties of all AN-DNA ad-
ducts. Cyanoethylation ofdGuo resulted in depruination
to form 7-CNE-Gua (Fig. 2A, EI and Fig. 2B, CI). The
depruinated adduct, 7-CNE-Gua, was further cyano-
ethylated to form the highly polar betainelike 7,9-bis-
CNE-Gua which was identified by tm2Cf fission fragment
ionization mass spectrometry, (Fig. 2D). Imidazole ring-
opening (IRO) of the bis adduct at pH 11 converted 7,9-
bis-CNE-Gua to a less polar species which gave the
mass spectra shown in Figure 2C. When AN was re-
acted with 2'-deoxyadenosine (dAdo) or 2'-deoxycyti-
dine (dCyd) the cyanoethyl adducts were rapidly
hydrolyzed to carboxyethyl (CE) adducts. Figure 3 gives
the DCI spectra of 1-CE-dAdo (3A) and 3-CE-dCyd (3B)
which pyrolyze under DCI conditions to form lactams.
Trimethylsilyation of 1-CE-dAdo and 3-CE-dCyd with
N,O-bis-(trimethylsilyl)trifluoroacetamide resulted in
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FIGURE 2. Mass spectra of cyanoethylated guanine: (A) 7-CNE-Gua,
EI probe temperature >400°C; (B) 7-CNE-Gua, DCI; (C) IRO-7,
9-bis-CNE-Gua, DCI; (D) 7,9-bis-CNE-Gua, "2Cf plasma desorp-
tion, high mass region.

lOO - CI

s-21

60

228



DIRECT ALKYLATION OF CALF THYMUS DNA

100

M/Z

FIGURE 3. DCI mass spectra of carboxyethyl 2'-deoxyadenosine and
2'-deoxycytidine: (A) 1-CE-dAdo (pyrolysis to lactam); (B) 3-CE-
dCyd (pyrolysis to lactam).
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FIGURE 4. Suggested mechanism for facile nitrile hydrolysis. Po-
larization of nitrile group by electrons on adjacent exocyclic ni-
trogen auto catalyzes hydrolysis of CN to COOH.

CH2= CH-CO(NH2), to AN we recently studied (18) the
reactions of acrylamide with 2'-deoxynucleosides. As
with AN, acrylamide can react directly (via Michael
addition) with endocyclic nitrogens to form formami-
doethyl, CH2CH2CO(NH2), adducts; when this occurs
adjacent to an exocyclic nitrogen, however, the amide
is rapidly converted to a carboxylic acid. Thus carboxy-
ethyl adducts at N-1 of adenine and N-3 of cytosine
result from direct alkylation at physiological pH and
temperature with three rodent carcinogens: AN, acryl-
amide (18), and 3-propiolactone (15). These lesions may
play a significant role in the induction of cancer with
these compounds.
AN was reacted for 40 days at physiological pH and

temperature in vitro with calf thymus DNA. The ad-
ducts found after various hydrolysis procedures are given
in Figure 6. The relative amounts of adducts after a 40
day reaction time are given beneath each structure. The
major product was 7-CNE-Gua (26%) and products de-
rived from 7-CNE-Gua, i.e. 7,9-bis-CNE-Gua (4%) and
IRO-7,9-bis-CNE-Gua (19%). After 40 days reaction,
one out of every five molecules of guanine has been
cyanoethylated. Recent experiments (unpublished) in-
dicate that after 24 hr (pH 7, 37°C) 1 out of 180 guanine
residues has been alkylated.

These results demonstrate that AN can directly al-
kylate calf thymus DNA at physiological pH and tem-
perature by forming a mixed pattern of cyanoethyl and
carboxyethyl adducts. Carboxyethylation results from
slow cyanoethylation of a ring nitrogen adjacent to an
exocyclic nitrogen, followed by rapid hydrolysis of the
nitrile moiety to a carboxylic acid.
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FIGURE 5. DCI mass spectra of cyanoethylated 2'-deoxyinosine, 1-
CNE-dlno. Replacement of adjacent exocyclic amino with a car-
boxyl group prevents the hydrolysis.

trile carbon and the adjacent nitrogen which intramo-
lecularly catalyzes the hydrolysis. Conversion of the
adjacent exocycic nitrogen to an oxygen (e.g., dAdo to
dlno) resulted in a stable cyanoethyl adduct (1-CNE-
dIno) shown in Figure 5. The facile hydrolysis of the
nitrile group to a carboxyl group under mild conditions
(pH 7, 37°C) is unusual. Generally, acidic or basic ca-

talysis is necessary and amides are produced under mild
hydrolysis conditions (17). Because of the structural
similarity of the rodent carcinogen acrylamide,
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FIGURE 6. In vitro products of acrylonitrile with calf thymus DNA.
The asterisks (*) indicate products identical to adducts formed
with ,B-propiolactone and acrylamide.
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